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Available online 24 May 2008AbstractWe investigated the size fraction and pigment-derived class compositions of phytoplankton within the euphotic zone of the
Antarctic marginal ice zone between 63.3S and 66.5S along the 140E meridian on two consecutive cruises in the late austral
summer and early austral autumn of 2003. We observed significant temporal and spatial variations in phytoplankton size and tax-
onomic composition, although chlorophyll a concentrations were generally below 1 mg l1 during both periods. Microphytoplank-
ton (>20 mm), mainly diatoms, were prominent in the euphotic zone in the southernmost area around 66.5S during late summer. In
the rest of the study area during both cruises, the phytoplankton community was dominated by pico- and nano-sized populations
(<20 mm) throughout the euphotic zone. The small-size populations mostly consisted of diatoms and haptophytes, although chlor-
ophytes were dominant in extremely cold water (1.5C) below the overlying warm water around 65.5S during late summer. From
late summer to early autumn, chlorophytes declined in abundance, probably due to increasing temperature within the euphotic zone
(1 to 0C). These pico- and nano-phytoplankton-dominated populations were often accompanied by relatively high concentra-
tions of ammonium, suggesting the active regeneration of nutrients within the small-size plankton community.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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Several studies have documented the biomass, size
fraction, and taxonomic composition of phytoplankton
in the marginal ice zone of the Southern Ocean (Chiba* Corresponding author. Department of Ocean Sciences, Tokyo
University of Marine Science and Technology, 4-5-7 Konan,
Minato-ku, Tokyo 108-8477, Japan. Tel.: þ81 3 5463 0452.
E-mail address: f-hashi@kaiyodai.ac.jp (F. Hashihama).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.05.001et al., 2000; Saggiomo et al., 1998; Savidge et al.,
1995; Wright and van den Enden, 2000). Areas of
contrasting phytoplankton density have been recog-
nized in this zone from austral spring to austral autumn,
including areas with low phytoplankton biomass and
those in which phytoplankton blooms occur. These
distinct biomass regimes tend to be accompanied by
variability in phytoplankton composition and size
structure.reserved.
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sector of the Southern Ocean, low phytoplankton bio-
mass was observed off Ade´lie Land between 135E
and 145E from January 1996 to February 1996 (Chiba
et al., 2000) and between 128E and 150E during
March 1996 (Wright and van den Enden, 2000); in
these waters, the surface concentration of chlorophyll
a (Chl a) barely exceeded 1 mg l1. The factors respon-
sible for low biomass are relatively complex: the hori-
zontal intrusion of Antarctic Circumpolar Currents
with low Chl a content, the weakened irradiance and
stratification that accompanies seasonal transition,
and selective grazing by herbivores have all been sug-
gested as underlying factors (Chiba et al., 2000; Wright
and van den Enden, 2000). Microscopic analysis
revealed that the low biomass off Ade´lie Land during
JanuaryeFebruary 1996 was dominated by nano-sized
eukaryotic cells (Chiba et al., 2000). Furthermore, pig-
ment chemotaxonomic analysis indicated that the phy-
toplankton community in the eastern Australian sector
during March 1996 was dominated by diatoms and
haptophytes, and that significant increases in prasino-
phytes occurred within a temperature-minimum layer
relative to other layers (Wright and van den Enden,
2000).
In contrast to the low-biomass regime, elevated
Chl a concentrations, which exceeded 1 mg l1, were
locally observed in the Bellingshausen Sea from
November 1992 to December 1992 (Savidge et al.,
1995), in the Ross Sea from November 1994 to
December 1994 (Saggiomo et al., 1998), and in the
western part of the Australian sector between 93.5E
and 104.5E during February 1996 (Wright and van
den Enden, 2000). These blooms were commonly
observed to follow vertical stabilization of the water
column with ice melting (Saggiomo et al., 1998;
Wright and van den Enden, 2000). Size-fractionated
Chl a analysis in conjunction with microscopic exam-
ination revealed that the bloom in the Bellingshausen
Sea during NovembereDecember 1992 was dominated
by micro-sized diatom species and occasionally the
haptophyte Phaeocystis (Savidge et al., 1995). In addi-
tion, size-fractionated Chl a analysis indicated that the-
bloom in the Ross Sea during NovembereDecember
1994 was dominated by microphytoplankton (Saggiomo
et al., 1998).
Compared with the number of studies undertaken
in areas of phytoplankton blooms, few studies have
investigated phytoplankton composition in conjunc-
tion with the size fraction in the low-biomass waters
within the marginal ice zone of the eastern Australian
sector. Although a microscopic examination has beenconducted in this area (Chiba et al., 2000), little is
known of the composition of small flagellates due to
their small size and poor preservation in conventional
fixatives (Furuya and Marumo, 1983; Gieskes and
Kraay, 1983). A previous pigment chemotaxonomic
analysis has provided information on the composition
of the overall phytoplankton population, including
flagellate forms, but information is lacking regarding
the size structure of phytoplankton within the marginal
ice zone of the eastern Australian sector (Wright and
van den Enden, 2000). The present study reports on
concurrent analyses of phytoplankton size fraction
and pigment-derived class composition for the mar-
ginal ice zone along the 140E meridian off Ade´lie
Land, conducted from February to March 2003. We
also describe the relationships of these parameters to
hydrographic variability.
2. Materials and methods
2.1. Field investigations
The Antarctic marginal ice zone along the 140E
meridian was investigated during 3e7 February 2003
(late summer) as part of a cruise undertaken by RT/V
Umitaka-maru of Tokyo University of Fisheries, Japan,
and from 26 February 2003 to 5 March 2003 (early
autumn) during a cruise undertaken by the R/V Tan-
garoa as part of the 44th Japanese Antarctic Research
Expedition (JARE-44). Measurements were taken from
63.5S to near the coast at 66.5S during late summer
(Fig. 1a) and from 63.3S to the thick sea-ice at 65.6S
in early autumn (Fig. 1b). Vertical profiles of tempera-
ture, salinity, and density in the upper 200 m of the
water column were determined using a conductivitye
temperatureedepth (CTD) sensor. The BrunteVa¨isa¨la¨
frequency (N), which represents the vertical density
gradient index, was obtained from the density profiles
using the equation described by Millard et al. (1990).
The mixed layer depth (Zm) was defined as the depth
of the maximum change in density over a 1 m depth
interval within 10e200 m depth in the water column,
corresponding to the depth at which the maximum
value of N was observed at each station (Fig. 2).
Seawater samples were collected in Niskin bottles
using a rosette system attached to the CTD. Samples
intended for analyses of nutrients and fluorometric
Chl a were collected at 6e11 depths in the upper
200 m during both cruises. During the late summer
cruise, light depths relative to the surface were deter-
mined using a PAR sensor (Biospherical, USA). Sam-
ples for size-fractionated Chl a analysis were collected
Fig. 1. Locations of measurement stations in the marginal ice zone along the 140E meridian off Ade´lie Land of the Australian sector during the
late summer (a) and early autumn cruises (b).
111F. Hashihama et al. / Polar Science 2 (2008) 109e120at 100%, 12.5%, and 1% light depths, and samples for
plant pigment analysis using high-performance liquid
chromatography (HPLC) were collected at 100%,
50%, 25%, 12.5%, 6%, 3%, and 1% light depths. Dur-
ing the early autumn cruise, samples for size-fraction-
ated Chl a analysis were collected at 0, 25, and 80 m
depth, and those for plant pigment analysis were col-
lected at 0, 10, 30, 50, 60, and 80 m. These sampling
depths were shallower than the 1% light depths as de-
termined using a PAR sensor (Biospherical, USA). The
properties investigated at each station are summarized
in Table 1.
Nutrient concentrations were determined using an
auto-analyzer (Bran&Luebbe, Germany) based on
standard colorimetric methods for nitrate, ammonium,
silicate, and phosphate (data for phosphate were not
recorded during the R/V Tangaroa cruise). Samples
for fluorometric Chl a analysis were filtered onto
a Whatman GF/F filter, and pigments were extracted
with N,N-dimethylformamide (Suzuki and Ishimaru,
1990). The extracts were assayed using a Turner
Design fluorometer (USA) (Strickland and Parsons,1972). Samples for size-fractionated Chl a analysis
were filtered onto a 20 mm nylon mesh, 10 and 2 mm
Nuclepore filters, and a Whatman GF/F filter to obtain
fractions nominally >20 mm, 10e20 mm, 2e10 mm,
and 0.7e2 mm, respectively. Extraction and assays of
the fractionated samples followed the same procedures
as those described above for fluorometric Chl a
analysis.
2.2. HPLC pigment analysis
Samples for plant pigment analysis by HPLC were
filtered onto a Whatman GF/F filter. The filter was
kept frozen in liquid nitrogen while aboard the vessel
and then stored in a freezer (80C) onshore until
analysis. Pigment analysis followed the method of Za-
pata et al. (2000). The frozen filter was soaked in 95%
methanol in an ultrasonic bath for 5 min with the addi-
tion of canthaxanthin solution (Danish Hydraulic Insti-
tute [DHI] Water and Environment, Denmark) as an
internal standard. The extract was filtered through
a 0.2 mm pore Whatman polytetrafluoroethylene filter
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Fig. 2. Vertical distributions of temperature, salinity, BrunteVa¨isa¨la¨ frequency (N), ammonium concentration, and chlorophyll a concentration in
the upper 200 m of the water column during late summer (a) and early autumn (b). Black squares in those panels showing temperature and salinity
denote the depth of the mixed layer (Zm). The locations of measurement stations are shown along the top edge of the uppermost figures.
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mixture (500 ml) was injected into a HPLC system
(Shimadzu, Japan) fitted with a 3.5 mm Symmetry C8
column (4.6  150 mm, Waters, USA).
Separated pigments were identified based on reten-
tion times and the absorption spectra of standard pig-
ments (peridinin [Perid], 190-butanoyloxyfucoxanthin
[But-fuco], fucoxanthin [Fuco], 190-hexanoyloxyfu-
coxanthin [Hex-fuco], prasinoxanthin [Pras], violaxan-
thin [Viola], alloxanthin [Allo], chlorophyll b [Chl b],
and Chl a), and quantified in terms of weight from the
peak area calibrated against that of standard pigments.
Perid and Fuco as standard pigments were prepared
based on the method of Repeta and Bjørnland (1997)
from cultures of Ceratium fusus and Ditylum sol,respectively. But-fuco, Pras, Viola, Hex-fuco, and
Allo were purchased from DHI Water and Environ-
ment (Denmark). Chl b and Chl a were purchased
from Sigma Chemicals (USA). All samples, from
the time of on-board filtration to injection into the
HPLC, were handled under dim light. All solvents
used for extraction and elution were either of HPLC
grade, super special grade, or JIS special grade
(Wako, Japan).
2.3. CHEMTAX analysis
The relative contributions to Chl a of diatoms, hap-
tophytes, dinoflagellates, cryptophytes, prasinophytes,
and chlorophytes were calculated using the CHEMTAX
Table 1
List of station locations, observation dates, and properties observed at each station during the two cruises
Cruise Station Latitude (S) Date Profile Hydrocast
Umitaka-maru C00 66.47 3-Feb-03 T, S Nut, Chl, FChl, HPLC
PP9 66.18 3-Feb-03 T, S Nut, Chl, FChl, HPLC
C01 66.00 4-Feb-03 T, S Nut, Chl
C02 65.90 4-Feb-03 T, S
C03 65.83 4-Feb-03 T, S Nut, Chl
C04 65.77 4-Feb-03 T, S
C05 65.67 4-Feb-03 T, S Nut, Chl
C06 65.58 4-Feb-03 T, S
C07 65.50 4-Feb-03 T, S Nut, Chl
C08 65.42 4-Feb-03 T, S Nut, Chl, FChl, HPLC
C09 65.32 5-Feb-03 T, S Nut, Chl
C10 65.17 5-Feb-03 T, S Nut, Chl
C11 65.00 5-Feb-03 T, S Nut, Chl, FChl, HPLC
C12 64.67 6-Feb-03 T, S Nut, Chl
C13 64.33 6-Feb-03 T, S Nut, Chl
C14 64.00 7-Feb-03 T, S Nut, Chl, FChl, HPLC
C15 63.50 7-Feb-03 T, S Nut, Chl, FChl, HPLC
Tangaroa (JARE-44) K 65.59 26-Feb-03 T, S Nut, Chl, FChl, HPLC
7 65.43 26-Feb-03 T, S Nut
7.1 65.53 27-Feb-03 T, S Nut
6.2 65.38 28-Feb-03 T, S Nut
6.1 65.08 28-Feb-03 T, S Nut
5 63.99 4-Mar-03 T, S Nut, Chl, FChl, HPLC
4 63.25 5-Mar-03 T, S Nut, Chl
The available data from profilers indicate temperature (T) and salinity (S). The hydrocast data indicate nutrients (Nut), chlorophyll a (Chl), size-
fractionated chlorophyll a (FChl), and plant pigments analyzed using high performance liquid chromatography (HPLC).
113F. Hashihama et al. / Polar Science 2 (2008) 109e120method (Mackey et al., 1996, 1997). An initial ratio
matrix in the calculation was determined based on
the work of Jeffrey and Wright (1997) for diatoms, di-
noflagellates, cryptophytes, and prasinophytes; Zapata
et al. (2004) for haptophytes; and Burczyk et al.
(1981) for chlorophytes (Table 2a). In a previous che-
motaxonomic study conducted in the marginal ice zoneTable 2
Pigment:Chl a ratios used in the CHEMTAX calculations, showing initial (
Perid But-fuco Fuco Hex-fuc
(a) Initial
Diatoms 0.75
Haptophytes 0.07 0.01 0.79
Dinoflagellates 1.06
Cryptophytes
Prasinophytes
Chlorophytes
(b) Final
Diatoms 0.73
Haptophytes 0.22 0.02 0.65
Dinoflagellates 1.06
Cryptophytes
Prasinophytes
Chlorophytesof the Australian sector (Wright and van den Enden,
2000), haptophytes were divided into two categories
characterized by coccolithophorids (Type 3) and
Phaeocystis antarctica (Type 4); however, coccolitho-
phorids are generally sparse or absent between 63S
and 65S around the 140E meridian (Cubillos et al.,
2007; Findlay and Giraudeau, 2000; Nishida, 1986).a) and final ratio matrices (b)
o Pras Viola Allo Chl b Chl a
1
1
1
0.23 1
0.22 0.11 0.02 1
0.01 0.55 1
1
1
1
0.23 1
022 0.11 0.02 1
0.01 0.61 1
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fuco to (Fuco þ Hex-fuco) in excess of 0.02, while
Type 3 is defined by the presence of Fuco and Hex-
fuco and the absence of But-fuco (Mackey et al.,
1996, 1997). The combined pigment data obtained
in the present study yield a mean ratio of But-fuco to
(Fuco þ Hex-fuco) of 0.09  0.07 (n ¼ 53), much
higher than 0.02 despite the inclusion of diatom-
derived Fuco. This finding implies that Type 4 hapto-
phytes, rather than Type 3, dominate the present study
area. Thus, in the present study haptophytes were
characterized solely on the pigment composition of
Phaeocystis antarctica (Zapata et al., 2004), without
that of coccolithophorids. Wright and van den Enden
(2000) also included cyanobacteria as characterized by
zeaxanthin; however, we did not include cyanobacteria
because zeaxanthin was undetected in all samples.
The final pigment ratio matrix obtained by CHEM-
TAX analysis (Table 2b) was used to calculate the con-
tributions of algal classes to Chl a. Slight variations
from the initial ratios to the final ratios were found
for several classes in the CHEMTAX calculations,
but these were within the acceptable range proposed
by Mackey et al. (1996, 1997); therefore, our initial
assumptions were considered to be reasonable.
The algal classes in the present study were determined
basedonpigment compositionandpigment ratiosnormal-
ized to Chl a of the phytoplankton species. It must be
noted that pigment groups do not provide an exact match
with taxonomic phytoplankton classes because, for
example, the pigment composition of the prasinoxan-
thin-lacking prasinophyte Pyramimonas (Latasa et al.,
2004) is similar to that of chlorophytes, and the
haptophyte Pavlova has the same pigment composition
as diatoms (Zapata et al., 2004). Thus, in some cases a
pigment group may comprise several taxonomic classes.
3. Results
3.1. Hydrographic structure and Chl a distribution
Vertical distributions of temperature, salinity, and N
in the upper 200 m of the water column showed signif-
icant temporal and spatial variations (Fig. 2). Except
for the two southernmost stations during late summer,
warm (>0C) and less saline (<34.0) water was
observed within the surface mixed layer above Zm,
and high N values greater than 0.02 s1 were observed
around Zm. The hydrographic structure clearly indicated
stratification with ice melt water; the overlying upper
water was vertically separated from the cold water
(<0C) that existed below Zm. In the threenorthernmost stations (north of 64.5S), the cold wa-
ter was observed as a thin layer between 50 and
100 m depth, characterized as a temperature-mini-
mum layer, as described in Bindoff et al. (2000) and
Wright and van den Enden (2000). In the southernmost
area around 66.5S, the temperature (1 to 0C) and sa-
linity (34.2e34.4) were vertically uniform, with rela-
tively low N values of <0.01 s1.
During early autumn at the two northernmost
stations (north of 64S), warm (>0C) and less saline
(<34.0) water was observed within the surface mixed
layer above Zm, and the temperature-minimum layer
occurred between 50 and 100 m depth (Fig. 2). In the
southernmost area around 65.5S during early autumn,
Zm was deeper (near 100 m) than during late summer
(near 50 m). Furthermore, the N values around 65.5S
during early autumn had decreased to <0.02 s1
(<0.04 s1 during late summer). Thus, the stratification
weakened at around 65.5S during early autumn.
High concentrations of nutrients were observed in
the upper 200 m of the water column: nitrate >27 mM
and silicate>25 mM during both late summer and early
autumn, and phosphate >1.6 mM during late summer
(data not shown). These nutrients were never depleted
over the study period. The ammonium concentration
ranged from 0 to 0.6 mM in the upper 200 m of the wa-
ter column during both periods (Fig. 2). A concentra-
tion of >0.2 mM was generally observed in the upper
80 m during both periods; this was also observed in
the water column below Zm around 66.5
S during late
summer and around 65.5S during early autumn.
Chl a concentrations in the upper 200 m of the wa-
ter column during both periods ranged from 0.01 to
2.04 mg l1 (Fig. 2). During late summer, a small in-
crease in Chl a concentrations (>1.5 mg l1) was ob-
served in the upper 100 m in the southernmost area.
Northward from this area, the concentration in the up-
per 200 m gradually declined, and a subsurface Chl a-
maximum layer developed in the cold water just below
Zm. In contrast to late summer, the overall Chl a con-
centration during early autumn (0.01e0.65 mg l1)
was relatively low, with a northesouth gradient. The
vertical depth of the zone of Chl a concentrations
exceeding 0.2 mg l1 was broader at the southernmost
station (K; 0e150 m) than at a nearby station during
late summer (C08; 0e100 m).
3.2. Relative contributions of size-fractionated
Chl a to total Chl a
The relative contributions of size-fractionated Chl
a to total Chl a at all stations in both periods showed
115F. Hashihama et al. / Polar Science 2 (2008) 109e120vertically uniform variations (Fig. 3). During late sum-
mer, micro-sized cells of >20 mm were prominent in
the southernmost area (C00: 66e75%; PP9: 41e
50%). In other areas, pico- and nano-sized cells of
10e20 mm (5e33%), 2e10 mm (15e46%), and 0.7e
2 mm (20e36%) were generally more abundant than
micro-sized cells (11e51%). During early autumn (sta-
tions K and 5), micro-sized cells of >20 mm made only
small contributions (7e25%), while pico- and nano-
sized cells of 10e20 mm (10e25%), 2e10 mm (25e
41%), and 0.7e2 mm (25e47%) were collectively
dominant.0
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Fig. 3. Relative contributions of size-fractionated chlorophyll a to total c
summer and early autumn.3.3. Relative contributions of algal classes to Chl a
Using data for chemotaxonomic algal pigments
(Table 3), the relative contributions of algal classes to
Chl a at each station during both periods were derived
via CHEMTAX analysis (Fig. 4). During late summer,
diatoms contributed most of the Chl a in the southern-
most area (C00: 92e93%; PP9: 62e90%), where the
contributions of diatoms was vertically uniform. In the
area between 65S and 65.5S (C08 and C11), diatoms
(45e59%) and haptophytes (30e40%) collectively
dominated within the surface mixed layer above Zm,S [3-Feb-03]
S [7-Feb-03] C15; 63.50°S [7-Feb-03]
 [4-Mar-03]
undance (%)
C08; 65.42°S [4-Feb-03]
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hlorophyll a within the euphotic zone at eight stations during late
Table 3
Concentrations of chemotaxonomic algal pigments (ng l1) measured during the two cruises
Cruise Station Depth (m) Perid But-fuco Fuco Hex-fuco Pras Viola Allo Chl b
Umitaka-maru C00 0 26 11 599 27 0 0 0 0
4 17 11 507 26 0 0 0 0
10 19 11 522 26 0 0 0 0
16 23 11 528 25 0 0 0 0
22 21 9 532 23 0 0 0 0
27 22 8 496 18 0 0 0 0
36 20 8 481 18 0 0 0 0
PP9 0 11 21 168 16 0 4 6 20
9 12 17 163 16 0 5 6 23
17 13 16 197 17 0 4 7 20
24 17 15 317 20 0 5 7 21
31 22 21 443 27 0 5 6 21
42 0 0 12 2 0 0 0 0
C08 0 10 17 54 22 0 0 0 0
4 8 14 47 20 0 0 3 0
12 9 15 51 22 0 0 4 0
22 8 16 76 23 0 0 3 0
33 0 24 99 29 0 0 4 13
43 11 26 109 26 4 5 4 33
60 6 15 101 37 6 12 4 97
C11 0 8 15 57 32 0 0 0 0
4 8 15 57 34 0 0 2 0
11 9 16 63 34 0 0 3 0
21 8 15 57 30 0 0 2 0
32 7 14 55 31 0 0 2 0
43 7 18 65 37 0 0 2 0
60 14 29 137 59 7 5 4 46
C14 0 0 0 35 17 0 0 0 0
5 0 0 36 17 0 0 0 0
10 0 0 32 15 0 0 0 0
30 0 0 36 18 0 0 0 0
47 0 4 35 23 0 0 0 0
62 6 11 50 30 0 0 0 0
76 22 24 107 43 0 0 2 7
C15 0 0 3 32 16 0 0 0 0
3 0 3 33 18 0 0 0 0
11 0 3 34 16 0 0 0 0
22 0 3 38 20 0 0 0 0
40 0 4 44 23 0 0 0 0
57 7 8 37 29 0 0 0 0
76 7 23 132 31 0 0 0 7
Tangaroa (JARE-44) K 0 0 5 23 13 0 0 0 0
10 0 7 42 24 0 0 0 0
30 0 6 34 24 0 0 0 10
50 0 7 39 29 0 0 0 11
60 0 11 46 32 0 0 0 13
80 0 8 38 28 0 0 0 12
5 0 0 0 29 8 0 0 0 0
10 0 0 55 20 0 0 0 0
30 0 0 74 20 0 0 0 0
50 15 9 46 18 0 0 0 0
60 15 23 120 66 0 0 0 0
80 27 24 161 44 0 0 0 23
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117F. Hashihama et al. / Polar Science 2 (2008) 109e120whereas the contributions of chlorophytes increased to
20e45% in the extremely cold water (1.5C; Fig. 2)
below the surface mixed layer, compared with 0e9%
within the surface mixed layer itself. Diatoms were
dominant (44e76%) to the north of 64.5S (C14
and C15), followed by haptophytes (24e45%); their
contributions were vertically uniform compared with
those in the area between 65S and 65.5S.
At the southernmost station (K) during early au-
tumn, diatoms (46e72%) and haptophytes (26e38%)0
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Gray dashed lines indicate the depth of the mixed layer (Zm).collectively dominated the upper 80 m of the water col-
umn: chlorophytes were relatively rare (0e17%; Fig. 4).
The contributions of these populations throughout the
water column were more uniform than those at a nearby
station during late summer (C08). Diatoms dominated
(46e84%) at 64S (station 5), followed by haptophytes
(15e42%); their vertical variations were as uniform as
those to the north of 64.5S during late summer (C14
and C15). The contributions of dinoflagellates, crypto-
phytes, and prasinophytes were minor throughout theS [3-Feb-03]
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118 F. Hashihama et al. / Polar Science 2 (2008) 109e120observation periods, although slight increases in these
algal groups were observed in the cold waters immedi-
ately below Zm (Fig. 2).
4. Discussion
Despite an abundance of macronutrients (nitrate,
silicate, and phosphate) in the study area throughout
the observation periods, the Chl a concentration barely
exceeded 1 mg l1 (Fig. 2), as observed in previous
studies (Chiba et al., 2000; Wright and van den Enden,
2000). Nevertheless, temporal and spatial changes in
the size fraction and composition of phytoplankton
were significant (Figs. 3 and 4); this variability was
associated with stability of the water column and the
distribution of ammonium (Fig. 2).
Diatoms (Fig. 4) with micro-sized cells (Fig. 3) dom-
inated only in the southernmost area during late summer
(C00 and PP9); however, no marked elevations in the
Chl a concentrations were observed in this area
(<2.04 mg l1; Fig. 2). The water column stabilization
that occurs with ice melting induces blooms of large
phytoplankton (Saggiomo et al., 1998). In the marginal
ice zone of the western part of the Australian sector,
Wright and van den Enden (2000) reported that diatom
blooms occurred in conjunction with thermal stratifica-
tion, and that the Chl a concentration reached a maxi-
mum of 3.4 mg l1, indicating the dominance of large
cells. Thus, the weak stratification in the southernmost
area of the present study during late summer (Fig. 2) po-
tentially prevented the optimal growth of large diatoms.
The phytoplankton community throughout the rest
of the study area for both periods was dominated by
pico- and nano-sized diatoms and haptophytes (Figs.
3 and 4). Their large contributions to biomass did not
decrease even with the weakening of stratification
around 65.5S during early autumn (Fig. 2). Many re-
ports have proposed that the success of the haptophyte
Phaeocystis antarctica in deep-mixing waters is due to
superior adaptation to low-light conditions (e.g. Arrigo
et al., 1999; Moisan et al., 1998; Schoemann et al.,
2005). Furthermore, small diatoms have an advantage
over large diatoms in terms of light harvesting, as large
cells have a larger package effect than small cells
(Finkel, 2001). The dominance of small diatoms and
haptophytes during early autumn could be ascribed to
their adaptation to low-light conditions.
A significant increase in chlorophytes was observed
in the extremely cold water around 65.5S during late
summer (Fig. 4). The chlorophyte Chlamydomonas has
previously been found in Antarctic sea-ice (Palmisano
and Garrison, 1993), Greenland sea-ice (Ika¨valko andGradinger, 1997), and Arctic sea-ice (Weissenberger,
1998). According to Weissenberger (1998), Chlamydo-
monas ranges in diameter from 5 to 20 mm. Moreover,
Barlow et al. (1998) reported that Chl b was detected at
ice melt stations in the marginal ice zone within the
Bellingshausen Sea from November 1992 to December
1992 and in ice cores collected from this area; the au-
thors suggested that the chlorophytes originated from
melting ice. The occurrence of chlorophytes in the
present study could also be related to melting ice.
A mesocosm experiment undertaken in the Arctic
region over the period from natural ice freezing in
December 1994 to melting in April 1995 revealed
a transition from a Chlamydomonas-dominated popula-
tion to a diatom-dominated population (Weissenberger,
1998). This result suggests that chlorophytes decline
with increasing temperature. In support of this pro-
posal, all of our data show that the abundance of chlor-
ophytes decreased with an increase in temperature
from 1.5C to 2C (Fig. 5). Thus, the decline of
chlorophytes around 65.5S during early autumn could
be ascribed to the temperature increase in the upper
100 m of the water column that occurred in association
with weakened stratification (1 to 0C; Fig. 2).
Koike et al. (1986) reported that in coastal waters of
the southern Scotia Sea from February 1981 to March
1981, approximately 80% of phytoplankton nitrogen
was assimilated in the form of ammonium, with most
of the uptake being associated with pico- and nano-
phytoplankton. The authors also demonstrated that
active ammonium production by microzooplankton oc-
curred simultaneously with uptake by pico- and nano-
phytoplankton. In the present study, the contributions
119F. Hashihama et al. / Polar Science 2 (2008) 109e120of pico- and nano-phytoplankton to total Chl a were
generally above 70% in waters with ammonium
concentrations of >0.25 mM (Fig. 6). Wheeler and
Kokkinakis (1990) reported the inhibition of nitrate up-
take by ammonium in the oceanic subarctic Pacific, even
at 0.1e0.3 mM ammonium concentration, just <1% of
the total inorganic nitrogen. Moreover, in the marginal
ice zones in the Scotia and Weddell Seas, a predomi-
nance of ammonium uptake (f-ratio: <0.5) generally
occurs when ammonium stocks exceed 1.7% of the total
inorganic nitrogen (Goeyens et al., 1995). The mean
concentrations of ammonium and nitrate in the upper
80 m at all observation stations in the present study
were 0.31  0.14 mM and 29.0  2.0 mM, respectively,
and the ammonium stocks as a proportion of the total
inorganic nitrogenwere 1.1  0.5%, similar to the values
described in Wheeler and Kokkinakis (1990) and
Goeyens et al. (1995). Thus, the growth of pico- and
nano-phytoplankton was probably supported by ammo-
nium, resulting in significant regenerated production.
The present study area was under high-nitrate, low-
chlorophyll conditions, within which, the dominance
of small, ammonium-dependent phytoplankton is likely
ascribed to low iron availability, as iron is essential in
the reduction of nitrate and nitrite (Raven, 1988). In
situ iron enrichment at 61S, 140E significantly
stimulated a bloom of micro-sized diatoms during the
Southern Ocean Iron RElease Experiment (SOIREE)
(Gall et al., 2001). Furthermore, Sohrin et al. (2000)
reported a low labile iron concentration of
0.14  0.12 nM (n ¼ 97) throughout the upper 100 m100
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Fig. 6. Relationship between ammonium concentration and relative
abundance of the <20 mm size fraction to total chlorophyll a concen-
tration at all sampling depths during late summer and early autumn.
Open circles denote the contributions of <20 mm size fraction above
70% in waters with ammonium concentrations of >0.25 mM.of the water column in the area between 50S and
65S along the 140E meridian from December 1994
to January 1995, suggesting that iron was a limiting
factor of primary production. Although in the present
study we cannot evaluate the nature of iron availability
because of a lack of rigorous iron data collected during
the two cruises, the phytoplankton community, partic-
ularly microphytoplankton, may suffer iron stress in
the marginal ice zone along the 140E meridian.
5. Conclusions
The present study demonstrates spatial changes in
the size fraction and class composition of phytoplank-
ton within the Antarctic marginal ice zone along the
140E meridian during late summer and early autumn.
The ecosystem over the study area was dominated by
pico- and nano-phytoplankton. Large diatoms only oc-
curred in the southernmost area during late summer;
however, this event was not accompanied by a signifi-
cant elevation in Chl a concentrations. In contrast, the
rest of the study area was characterized by temporal
and spatial variations in the compositions of pico-
and nano-phytoplankton. In particular, the decline of
chlorophytes was closely related to increasing tem-
perature. The elevated ammonium concentrations
associated with the dominance of pico- and nano-phy-
toplankton suggest that active regenerated production
is driven within the small-size plankton community.
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